This paper presents a level set based method for segmenting the outer vessel wall and plaque components of the carotid artery in CTA. The method employs a GentleBoost classification framework that classifies pixels as calcified region or not, and inside or outside the vessel wall. The combined result of both classifications is used to construct a speed function for level set based segmentation of the outer vessel wall; the segmented lumen is used to initialize the level set. The method has been optimized on 20 datasets and evaluated on 80 datasets for which manually annotated data was available as reference. The average Dice similarity of the outer vessel wall segmentation was 92%, which compares favorably to previous methods.
INTRODUCTION
Cardiovascular diseases are a main cause for morbidity and mortality worldwide [1] . One of the main causes of cardiovascular diseases is atherosclerosis, which can be effectively imaged with CT Angiography (CTA) [2] . The severity of stenosis caused by atherosclerosis in the carotid bifurcation is an important risk factor for stroke [3] ; however, luminal stenosis as a parameter of carotid artery disease does not necessarily reflect the amount of atherosclerosis [4] . Quantification of plaque features may therefore provide a better diagnosis and prediction of cardiovascular events. This quantification requires segmentation of the lumen and outer vessel wall.
Many authors addressed the problem of outer wall segmentation and plaque quantification on both MRI and CT data. Olabarriaga et al. [5] proposed a deformable model based segmentation of the lumen and thrombus in abdominal aortic aneurysms in CTA data. For the wall segmentation a gray level modeling approach with a KNN classifier using intensity profiles sampled along the surface normal was used. The active shape model (ASM) based method by De Bruijne et al. [6] , [7] also addressed aortic aneurysm segmentation. This method requires a manual delineation of the aneurysm in the first slice after which the contour propagates to the adjacent slices based on grey value similarity. A slice-by-slice control by the user is required. De Bruijne et al. [8] also proposed a 3D ASM which included a grey level appearance model which was based on non-parametric pattern classification. The user has to draw the top and bottom contours, and indicate the approximate aneurysm centre. Reported results are accurate, but the amount of interaction for initialization is still significant.
A snake based method for defining the vessel lumen and wall boundaries in MR images of the carotid artery was proposed by Yuan et al. [9] . Adams et al. [10] proposed a similar method, deforming two initial contours in MR carotid artery images. Both methods require a high level of manual interaction. Adame et al. [11] proposed a gradient based ellipse fitting method combined with fuzzy clustering to outline the carotid artery outer vessel wall on MR images. The method requires manual interaction, namely a center point in the lumen, a seed point inside the lipid core and a circle that surrounds the vessel.
Liu et al. [12] proposed a method for carotid plaque segmentation in MRI using probability maps utilizing morphology information.
In this paper a novel method for carotid artery outer vessel wall segmentation in CTA is presented, which is an extension of work we previously presented [13] [14] . The main contribution of our work is that we combine voxel classification with a 3D level set segmentation for the carotid artery outer vessel wall rather than 2D ellipsoid fitting, which allows application of the method for segmenting the whole carotid bifurcation. Additionally, we evaluate the method proposed on a large number of CTA datasets.
A similar method has been reported for segmenting abdominal aortic aneurysms, where a support vector machine classifier is used to control a level set based segmentation. [15] The remainder of this paper is organized as follows: In section 2 the methodology is presented. In section 3 the experimental set up is described followed by a discussion and conclusion in section 4.
METHODOLOGY

Overview
The method consists of four steps. First, the vessel lumen is segmented using a level set approach initialized with three seed points indicated by the user in the CCA, ICA and external carotid artery (ECA); for detailed information on the lumen segmentation we refer to the work by Manniesing et al. [16] . Subsequently, using a set of image features, calcium objects which are part of the vessel wall, are detected using a GentleBoost classifier [13] . In the third step voxels are classified as within or outside the vessel, using the same classification method [13] . Then segmentation is performed by fitting a model to the classification image. In this work, a 3D region based level set method is applied which segments the outer boundary using the calcium and inner-outer vessel region classifications results to create a speed function. The classification process and the level set method are described in more detail below.
Calcium and Vessel classification
Calcified regions are important markers for determining the outer vessel wall location. As described in [13] , the region of interest around lumen is thresholded with high threshold, Th = 320HU. In this way candidate objects are extracted which are further classified as true or false calcified regions. Classification is done based on a set of features, i.e. spatial, size, intensity and shape features [13] .
For vessel classification, each pixel in the region of interest around lumen is described with a set of contextual image features extracted from radial profiles positioned radially from the lumen center. These features are used to classify each pixel as being inside or outside vessel wall [13] .
As described in [13] , calcium and inner-outer vessel region classification are combined by connecting lumen and calcified region since we are certain that this region is inside the vessel. In this way confidence image is created with negative values inside and positive values outside ranging from -1 to 1 (fig 1) . 
Region based level set outer vessel wall segmentation
Atherosclerotic plaque is usually present around the bifurcation. That is why it is essential that plaque is segmented in the region including bifurcation. Level sets are suitable for representing complex geometries. We therefore apply a region based level set [17] to segment the carotid artery outer vessel wall, using the the classification results.
The resulting image of the combined calcium and inner-outer vessel region classification represents the confidence that a pixel belongs to the vessel region (Fig 1) : the confidence image values are negative inside and positive outside with values ranging between -1 and 1. In case of a perfect classification, the vessel wall should pass through the zero values of the confidence image. However, simply thresholding the classification image will result in disconnected regions, and does not account for potential classification errors. Therefore, we use a region based level set segmentation to obtain one connected region with smooth boundaries. In the original paper of Chan and Vese on region based level set segmentations [17] , the energy function that is minimized is defined as follows: 
where φ is a level set function.
The above equation (2) is the implicit active contour model implemented in this paper. The lumen segmentation dilated with a "shape" structuring element of "size" pixels is used to initialize the level set.
Plaque segmentation
Using the carotid artery vessel wall and lumen segmented, different HU ranges selected to define different plaque components. The cut-off point for the distinction between calcifications and fibrous tissue was set at 130 HU, the value currently used for calcium scoring. The cut-off point for the distinction between fibrous tissue and lipid was set at 60 HU as determined in previous studies [18] . We adjusted the cut-off point for the distinction between atherosclerotic plaque and vessel lumen for each patient on the basis of the full-width-half-maximum principle (mean lumen attenuation plus mean fibrous tissue attenuation (in our case the average was 88 HU) divided by two). The pixels surrounding the vessel lumen, with a density between 130 HU and the adjusted cut-off value, were considered to be fibrous tissue. We implemented the carotid artery outer vessel wall segmentation using the ITK (Insight Tool Kit) implementation [19] .
EXPERIMENTS AND RESULTS
Data selection
From a database containing CTA datasets with manually segmented carotid arteries, we randomly selected 20 datasets that had the common, internal and external carotid artery annotated. The CTA data were acquired on a MDCT scanner (Siemens, Sensation 16, Erlangen, Germany), with a slice thickness of 1.0 mm and a pixel size of 0.23 mm.
Parameter selection and evaluation
The levelset integration time step was set to 0.01. The remaining parameters of the method were curvature weight μ and the weights for inside and outside zero level set terms, λ 1, and λ 2 . Pilot experiments showed that λ 2 should be equal or larger than λ 1 , i.e. the negative values outside zero level set should be penalized more than positive values inside the zero level set. This was caused by the frequent occurrence of misclassified pixels inside the contour in the neighborhood of calcified regions (Fig 1) . Note that this problem can not be addressed by increasing the curvature weight, as that would also result in misclassifying calcified regions. Additionally, from the pilot experiments it was concluded that the curvature term, μ, should be smaller than λ 1 and λ 2 .
The final levelset result is determined by the ratios between the three parameters, the magnitude of the parameters (while maintaining the ratios) only changes the convergence speed. We optimized level set parameters on 20 CTAs of carotid arteries by fixing μ to 1.0 and varied λ 1 and λ 2 from 1.0 to 6.2 in steps of 0.4. Similarity indices are shown in figure 2. Maximum Dice similarity index of 91.7% was reached for λ 1 = 1.8 and λ 2 = 4.2 and standard deviation was 2%.
The average Dice similarity index over additional 80 datasets using optimized set of parameters was 91.61%, and a standard deviation was 3%. Example segmentations are shown in Fig. 3 .
Plaque segmentation on 80 datasets reached an average similarity index of 80.43% with standard deviation of 6%. An example of plaque components segmented on one cross-sectional slice with the automated method and manually is shown in fig. 4 . Figure 5 shows areas of total plaque and different plaque components according to the manual observer and those derived from our automated method. The correlation coefficient between method and manual segmentation is low (R 2 = 0.46) in the case of lipid volume. This is probably die to the fact that lipid tissue is usually located at the boundary of the vessel wall and has small size. Therefore differences in outer vessel wall segmentation primarily lead to differences in the fibrous tissue and lipid class. Indeed, inter observer error is also especially high for the lipid area [14] .
Correlation coefficients between manual and automated plaque and plaque components volumes are similar for the proposed method to the ones we previously achieved with 2D ellipse fitting on 5 datasets [14] . However, similarity between automated and manual measurement of total plaque area is much higher for the new method (73% compared to 81%). The automated levelset segmentation of the outer vessel wall was accurate, with higher average similarity index compared to method where ellipse fitting was used (a versus b; fill in values) [14] .
Vessel
DISCUSSION & CONCLUSION
We presented a method to segment the outer vessel wall of the carotid bifurcation in CTA. In contrast to previous work, where we used a slice-based fixed ellipse-shaped model for the common carotid artery, we now use a levelset based segmentation, which allows segmentation of the complete bifurcation. The experiments show that the levelset based approach achieves an average Dice similarity for the vessel of 92%. The method thus has large potential for the automated quantification of carotid artery plaque components.
